In order to reduce operational costs related to transportation activities in road haulage, small and medium-sized freight carriers can establish horizontal coalitions and share their resources. Through exchange of customer requests with other members within the coalition, carriers can improve the operational efficiency of their transportation processes. In this paper, transhipment is integrated into the conventional pickup and delivery problem in the collaborative context. Specifically, vehicles involved in transferring the same request are synchronized at the transhipment points. A mixed-integer programming model is proposed for this problem. Based on this model the benefits of transhipment are analysed. Computational results show considerable cost-savings enabled by transhipment in the operational planning of carrier coalitions.
Introduction
Horizontal cooperation offers small and medium-sized freight carriers in road haulage a wide spectrum and potential of considerable benefits [1] . An important advantage of horizontal cooperation for carriers is to reduce their operational costs related to the fulfilment of customers' transportation requests. Through pooling their resources, i.e., customer requests and transportation capacities, more efficient routing plans can be generated while some requests are exchanged among different carriers within the coalition. Through exchange of customer requests, carriers can obviously improve their routing decisions and realize a cost reduction of up to 30% [2, 3] .
Besides request exchange, introducing transhipment can also be considered in the routing problems of horizontal carrier coalitions to further reduce the request fulfilment costs. While request exchange within horizontal coalitions has been studied in routing problems for different transportation scenarios [4] [5] [6] , little research has been conducted on integrating transhipments into conventional routing problems in a collaborative context. The purpose of this paper is to consider this extension in the context of carrier collaboration and to evaluate the cost-saving potential embedded in the integration of transhipment into the routing decisions of carrier coalitions.
Introducing transhipment in vehicle routing enables transfers of goods among vehicles during the execution of customer transportation requests. In other words, the restriction that a single customer request for transportation is fulfilled by only one vehicle is relaxed. The most challenging problem is to synchronize the schedules of different vehicles. This extension of vehicle routing problems has attracted interest of several researchers in the last few years [7] [8] [9] [10] . Two mixed-integer programming (MIP) models are proposed for the pickup and delivery problem with transfer (PDPT) [11, 12] and a few solution approaches are also developed for this problem.
The places where transhipment is performed are referred to as transhipment points (TP). TPs can be specific facilities like depots of carriers or cross-docking centres, particularly when special equipment is needed for the transhipment operation.
TPs can also be public places like parking areas or motorway service areas when the goods can be moved between vehicles without additional equipment. Depending on the place of transhipment, vehicles have to be differently coordinated. In the first case, the goods can be stored at the provided facilities before they are picked up again. It means that vehicles bringing goods from the pickup locations to the TPs do not have to wait there for the connecting vehicles, but can immediately leave the TPs. Thus, it has to be ensured that the goods are firstly transported from the pickup locations to the TPs before they can be further picked up at the TPs by another connecting vehicle. This is a precedence constraint associated with transhipment that must be considered. Particularly in the dial-a-ride problem with transfer (DARPT) [13] where persons are transported, a limitation of the maximal waiting time at the TPs for the connecting vehicles is mostly required. If the transhipment takes place at a public location without particular transhipment equipment, then the vehicles involved in the transferring process of a specific request have to meet each other. As a result, the schedules of both involved vehicles must be synchronised at the TPs. These synchronisation constraints are generally more restrictive than the precedence constraints.
Most studies on PDPT and DARPT are conducted based on the model proposed in [11] and consider precedence constraints and additional waiting time limits. In other words, vehicles need not wait for meeting the vehicles which are connected to them. In this paper, however, we consider the second case where vehicle routes (of different coalition members) must be synchronised: both vehicles fulfilling a single request must begin the transhipment at the same time and have the same operation time. The first restriction guarantees that the goods are being watched over by the truck drivers all the time. By introducing the second restriction, scheduling of the transhipment operations of several vehicles at the same place can be excluded from the problem and the increment of complexity associated with the synchronisation restrictions is limited. Particularly, the operation time for the transhipment is defined a priori as an estimation of an upper bound of the real operation time. This problem is referred to as the PDPT of carrier coalition (PDPTC). This paper is organised as follows. In Section 2, an illustrative example is given for a better understanding of the cost reduction effect realized by considering request exchange as well as transhipment. A mathematical model for our PDPTC is proposed in Section 3. A computational study is conducted in Section 4 to validate the proposed model as well as to get some insight into the cost-savings of considering transhipment in the operational planning of carrier coalitions. Section 5 concludes the paper and gives an outlook over the future research in this area.
An illustrative example
We can consider a simple example to illustrate how collaboration can help carriers reduce the operational costs. Three scenarios are considered here: isolated planning (IP), centralized planning (CP), and centralized planning with transhipment (CPT).
In the scenario IP, each carrier in the coalition solves his PDPTW instance and the total costs of all carriers are summed up. In the second scenario CP, the multi-depot pickup and delivery problem with time windows (PDPTW) instance resulting for the entire coalition is solved. In the third and last scenario, the possibility of transhipment is considered by introducing additional nodes into the PDPTW instances representing the TPs and the PDPTC instances are solved. Fig. 1 shows an example with two carriers and 6 pickup and delivery requests. The two depots of the carriers are depicted as the two squares noted with A and B. The solid lines represent the three requests (r1, r2, and r3) acquired by carrier A. The dashed lines represent the other three requests (r4, r5, and r6) of carrier B. Pickup locations are marked with plus signs and delivery locations with minus signs. The numbers given in the square brackets define the time window of the corresponding operation. The number on the right of the time window defines the service time. If the two carriers perform request exchange and make routing decisions together, they can solve the multi-depot PDPTW and obtain the results shown in Fig. 3 with the total distances of 131 units, i.e., a reduction of 7 distance units. In this case, request r6 of carrier B is transferred to carrier A. It is fulfilled by the same vehicle which also serves request r3. Now we can extend the scenario to CPT through introducing a TP into this example which is depicted in Fig. 4 as the triangle located almost at the centre between the two depots. In this case, the total travel distances of the coalition can be reduced to 125 distance units which indicates a further cost reduction of 6 units. The four vehicle routes in the routing plan comprising also the option of transhipment are given by:
The three requests r1, r4, and r5 that are shown with bold letters in the routes are transhipped: r1 is now picked up by a vehicle of carrier A and brought to the TP. The same vehicle picks up the load of r4 at the TP and transports it further to its delivery location. The vehicle of carrier B that picks up the loads of r4 and unloads it at the TP picks up the loads of r1 and finishes it. The third transhipped request r5 is transferred between the two vehicles of carrier B.
A Mathematical model
The PDPTC can be described as follows. as well as the load status after k finishes the service at i . The model is then given as follows: 
The objective function (1) minimises the total driven distances of all vehicles. Constraints (2) and (3) enforce that each node except the TPs is visited exactly once. Vehicles must start and end their routes at their own depots. This is guaranteed by constraint (4). Constraint (5) forbids self-cycles for all nodes except for the depots. Constraint (6) ensures that 1 jk y only when vehicle k serves node j. The following six constraints are imposed for the transhipment. The left-hand-side of Constraint (7) calculates the number of transhipments related to a request and forces it to be no more than one. Thereby it is ensured that each request can be transhipped at most once. Constraint (8) ensures that if a request is transported by some vehicle to a TP for transhipment, it must be picked up at this TP by some vehicle again. However, Constraint (8) does not forbid that a request will be planned as transhipped at some TP but actually fulfilled by the same vehicle. This case is then excluded by the next two constraints. Constraints (9) and (10) ensure that if a vehicle visits a pickup/delivery node, it must either serve the corresponding delivery/pickup node too or deliver/pick up the loads to/from some TP. Constraints (11) and (12) enforce vehicles to visit TPs if they are used to tranship some requests at these TPs.
Constraint (13) specifies the time when services start. The precedence restriction related to a single request is satisfied by Constraint (14) in cases without transhipment and by (15) with transhipment. Constraint (16) is the synchronisation constraint. It enforces that if two different vehicles are used for the transhipment of a request, the start time of the transhipment must be exactly the same for both vehicles. Constraints (17) and (18) are the precedence constraints valid for requests which are to be transhipped. Constraint (17) enforces that if a request is to be transported for transhipment by a vehicle to some TP, the unloading operation at the TP must happen after the goods have been completely loaded at the pickup location. Constraint (18) is valid for the second part of the fulfilment of a transhipment request. Time window restrictions are satisfied by constraint (19). Constraint (20) enforces that the vehicles start their routes with null loads. Constraints (21) and (22) ensure that the capacity restrictions related to vehicles are not violated. The last constraint (23) calculates the exact load status of vehicles after serving each node except TPs. Since the load statuses at all depots are zero, there is no need to introduce additional flow balancing constraints for the TPs.
Computational study
In this section, a computational study is conducted to evaluate the benefits of considering transhipments in the routing decision of carrier coalitions. Some new instances are generated for this purpose. The total costs of the coalition for the three scenarios IP, CP and CPT are then calculated by solving the corresponding MIP models. All instances are solved on an Intel Core i7-740QM PC with 4GB memory using IBM ILOG CPLEX 12.5.
Transhipment should be considered for reducing costs especially when the pickup and delivery locations of requests are distributed on different sides of the chosen TPs as the case depicted in the example in Section 2. We have generated two sets (R and P) à 10 instances that are similar to this example. Each instance consists of two carriers, nine requests and one TP. One vehicle is available for each carrier.
All pickup and delivery nodes of the instances are scattered in a square 150×150. The two depots of the two carriers are located in the middle of the left side as well as the right side of the square while the TP is located at the centre. The exact coordinates of the depots and the TP are shifted randomly a little bit for each instance. For Set R, the pickup and delivery locations related to a single request are generated as follows. The pickup location is randomly chosen in the entire square. The delivery location is then randomly chosen on the line defined by the pickup location and the centre point of the square, but, in relation to the pickup location on the opposite side of the centre point. For Set P, the pickup locations are randomly generated like for Set R, except that no locations in the middle of the square (x-coordinate between 60 and 90) are chosen.
Time windows of the requests are generated also randomly. The time window of the TP is set open. The service time of a pickup/delivery operation is defined as 10 while the service time at the TP is set to 30.
The optimal solutions for all tested instances found by CPLEX are reported in Table 1 and Table 2 . For every instance, the computing time required was less than one minute. The total costs ( Table 1 shows the results for Set P and Table 2 for Set R. It can be seen that the total costs of the coalition has been considerably reduced through reassigning requests among the coalition members. For Set P, the realized cost-savings account to 271.12 distance units on average, which correspond to 18.85% of the total costs without request exchange. Cost-savings of the similar range have also been reached for Set R: 275.65 distance units respectively 19.42% on average. The maximum value for synergies through request is 33.44% (R 05). The following results indicate the potential of further cost reductions by transferring requests at a TP. In Table 3 and Table 4 
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as an absolute value and a relative value. The numbers of transhipped requests in each instance are given in the last column. The results demonstrate that the total fulfilment costs can be further reduced by introducing transhipment. For Sets P and R, the average cost-savings additionally realized by transhipment are 47.22 and 17.15 distance units, respectively. It can be observed that transhipment is not used in the PDPTC solutions for all instances. If we only consider the instances with transhipped requests, the average cost reduction increases from 4.13% to 4.25% for Set P and from 1.56% to 2.65% for Set R. The computational results of Table 1 and Table 2 confirm the expected cost reductions due to request exchange. Moreover, operational request fulfilment costs of freight carriers can be further reduced using the possibility of transhipment. Transhipment is not used in every instance as a consequence of stringent time windows. A comparison between the results of the two instance sets indicates that more costs can be reduced by transhipment for Set P than for Set R. Also the average number of transhipped requests of Set P is higher than of Set R. It can be concluded that if the loads of customer requests are to be transported mainly between some major regions, carrier coalitions should install transhipment to explore additional potential of cost reduction.
Conclusion
In this paper, the possibility of transhipment is introduced to the classical PDPTW in the context of horizontal collaboration of freight carriers. A mathematical model that can be easily translated into a MIP model by eliminating ifthen constraints is presented for the extended problem PDPTC. In particular, vehicles involved in the transhipment of a specific request are synchronised in this model.
In order to evaluate the potential of cost-savings enabled by transhipment, some test instances have been generated for the computational study. Three scenarios are considered in the computational study: the isolated planning scenario, in which no request is exchanged, the collaborative scenario, where a centralized plan is made for the entire coalition and the collaboration scenario with the possibility of transhipment. Computational results show that collaboration achieves significant cost-savings compared to the isolated planning. Additional savings can be reached by introducing the possibility of transhipment.
The required time to find the optimal solutions in our computational study is relatively short. However, already small extensions such as the introduction of open time windows result in significantly longer computing times even for the same instances tested in our computational study. As well expansions like several TPs, more participants in the coalition or a fleet of vehicles per freight carrier should be integrated in the instances to analyse the impact on vehicle routing. Thus, efficient and effective heuristic approaches have to be developed for the PDPTC in future research, which can be used for the evaluation of the cost-saving potential through transhipment with larger instances. In addition, more tests should be performed to identify other factors that influence such potential reachable by transhipment. Furthermore, decentralized solution approaches suitable for collaborative planning where each carrier preserves its own decision-making competences and private information should be established.
